Abstract. Abnormally discharged phenols work as toxic pollutants to living environments. In this work, the operation conditions of a newly isolated 2,3-dimethylphenol-degrading Pseudomonas strain including temperature, dissolved oxygen, and pH were investigated. Mixed phenols could be degraded efficiently in diluted mineral-salts medium, avoiding excessive ammonia and phosphate pollution. The results illustrated the potential of bacterial remediation of phenolic pollutants without eutrophication caused by the addition of bacterial growth nutrients.
Introduction
Next to carbohydrates, phenolic compounds constitute the second largest group of natural products [1] . The natural pool of these compounds is being increased by products of many industrial origins, e.g. oil refineries, coal transforming plants, and chemical sectors involving the processing of resins, plastics, dyes, pharmaceuticals, pesticides, etc. [2] . Abnormally discharged phenols work as toxic pollutants to living environments. Many of phenolic compounds from accidental leakages or in effluents are very resistant to microbial degradation and can accumulate in water and soil for months and years [3] . Because of their persistence and toxicity, the increased occurrence of these pollutants in natural environment ultimately imposes serious threats to human health through food and water [4] .
Mineralization of phenolic pollutants, which is mainly the microbial degradation of these materials to carbon dioxide and water, forms a substantial part of the biogeochemical carbon recycle. The slow biodegradation of phenols may be caused by unfavorable niche conditions (such as temperature, pH, availability of dissolved oxygen and other nutrients) [5] . To achieve high bacterial phenol degradation rates, some past studies performed the biodegradation experiments in nutritionally rich media, causing excessive secondary pollution.
The metabolism of aromatic compounds, in particular, phenol and its derivatives by microorganisms, has been intensively investigated [6, 7] . However, to our knowledge, Pseudomonas sp. XQ23 is the first 2,3-dimethylphenol-utilizing bacterium capable of degrading various phenolic compounds, including phenol, 2-methyphenol,
,5-dimethylphenol, and 3-ethylphenol. The finding is of great interest and value. In this study, we investigated the operation conditions of Pseudomonas sp. XQ23 including temperature, dissolved oxygen, and pH. The ammonia concentration and phosphate concentration in the culture medium were then sharply decreased to a low level, avoiding excessive ammonia and phosphate pollution.
Materials and methods
Chemicals and Bacterial Strain. The phenolic compounds used in this study were 97% to 99% pure from Acros Organics (USA) or TCI Chemicals (Japan). The strain Pseudomonas sp. XQ23 was recently isolated and deposited in China Center for Type Culture Collection with deposition number M209175. GenBank accession number of the 16s rRNA gene partial sequence of this strain is GQ451456.
Culture Media and Conditions. Four kinds of media were utilized in this study: the Lysogeny broth [8] , a phosphate-buffered nutritionally rich medium (PBNR medium), a mineral-salts plus phenol medium (MS-P medium), and a mineral-salts plus mixed phenols medium (MS-MP medium). The PBNR medium was a potassium phosphate buffer (0.1 mol/L, pH 7.0) supplemented with 1 g/L of yeast extract, 2 g/L of tryptone, and 2 g/L of NaCl. The mineral-salts (MS) medium contained (per liter): 2.28 g of K 2 HPO 4 ·3H 2 O, 0.47 g of NaH 2 PO 4 ·2H 2 O, 1.32 g of (NH 4 ) 2 SO 4 , 0.12 g of MgSO 4 , and 1 ml of trace element solution (2.63 g/L of CaCl 2 , 0.72 g/L of FeSO 4 ·7H 2 O, 0.46 g/L of ZnSO 4 ·7H 2 O, and 0.22 g/L of MnSO 4 ·H 2 O). The MS-P medium was the MS medium supplemented with 500 mg/L of phenol. The MS-MP medium was the MS medium supplemented with 500 mg/L of mixed phenols which contained: phenol 35%, 2-methyphenol 20%, 3-methyphenol 20%, 4-methyphenol 20%, 3,5-dimethylphenol 3%, and 2,5-dimethylphenol 2%. All the media were sterilized by autoclaving for 20 min at 121°C. The seed culture of XQ23, prepared by growing the bacterium at 30°C in 50 ml of Lysogeny broth in 250-ml Erlenmeyer flasks with shaking at 180 rpm overnight, was washed with sterilized saline before inoculation. Optimization experiments were performed using 500-ml Erlenmeyer flasks added with 100 ml of PBNR medium and Corning 24-well plates added with 24 ml of MS-P or MS-MP medium (1 ml/well).
Analytical methods. Cell growth in flask experiments was measured spectrophotometrically at a wavelength of 600 nm with a spectrophotometer (Shimadzu, UV-1700 PharmaSpec). Dry cell weight (DCW) was calculated from the optical density (OD 600nm ) with a linear correlation factor (1 OD 600nm = 0.369 DCW g/L). When 24-well plates were applied, cell growth was also measured at 600 nm but using SpectraMax M2e Multi-Mode Microplate Reader (Molecular Devices). Phenols in the media were analyzed with an Agilent 7890A gas chromatograph (GC) equipped with a flame ionization detector and a 30-m HP-5 capillary column (HP Agilent).
Results and Discussion
Effect of Temperature. Temperature plays an important role in microbial lives. Bacterial growth and development are based on numerous in vivo biochemical reactions, which are catalyzed by numerous corresponding specific enzymes. Temperature is one of the main factors that change the speeds of enzymatic reactions, which consequently influences the synthesis of cellular components. Every microorganism has its own optimum temperature for growth and reproduction. There are 3 types of bacteria by the classification based on temperature: psychrophilic type, mesophilic type, and thermophilic type. Mesophilic bacteria have the largest population, whose optimum growth temperatures are between 20 and 40 o C. 
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Effect of Dissolved Oxygen. According to the demand for oxygen, microorganisms can be divided into aerobic, facultative anaerobic, and anaerobic types. In this experiment, the dissolved oxygen in different flasks was changed by loading different volumes of PBNR medium. Smaller loading volume means higher dissolved oxygen level. As shown in Fig. 2 , XQ23 grew best in 30 ml medium in 500-ml Erlenmeyer flask, implying that this strain prefer higher dissolved oxygen levels. Fig. 2 Effect of dissolved oxygen on Pseudomonas sp. XQ23.
Effect of pH.
Microbial metabolism and life activities are closely related with pH values. pH influences the absorption of nutrients mainly through the cell membrane permeability, membrane stability and solubility or ionization of substances, thus affecting the growth rate of microorganisms. Different microorganisms require different environmental pH. Most bacteria adapt to the range of pH values from 6 to 8. In this study, the growth of Pseudomonas sp. XQ23 was investigated at pH 4, 5, 6, 7, and 8 in 24-well plate experiments using the MS-P medium. As shown in Fig. 3, XQ23 grew well between pH 6 and 8 and pH 7 was the best growth pH value in all the five points tested.
Degradation of Mixed Phenols in Diluted MS Medium. The pollution caused by mixed phenols from petroleum and coal sources is among the most serious ones of all phenolic pollutions. The phenolic constitutes in the effluents from oil refining and coal coking workshops are strikingly alike [9, 10] , mainly including phenol, cresols, and xylenols. The mixed phenols used in this study was a proportional simulation for phenolic pollutants from oil refining and coal coking plants.
The culture medium for phenol degradation used in this study, i.e. the MS medium, was repeatedly used in past studies. Although it was comparatively nutritional poor, the ingredients especially for ammonia and phosphate were superfluous and would cause excessive pollution. In this study, the MS medium was diluted from 2 to 50 times in 24-well plate experiments whilst the mixed phenols was remained at the total concentration of 500 mg/L. As shown in Fig. 4A , most biomass was obtained using the original MS medium (C0, i.e. the MS-MP medium). When the MS medium was diluted 2 times (C0/2), about two-thirds of biomass was obtained. When the MS medium was diluted 5 to 20 times, about one-thirds of biomass was obtained. Further dilution of the medium only achieved minor growth.
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But as shown in Fig. 4B , even using the medium which was diluted 20 times (C0/20), the degradation rate remained high. Therefore, using the C0/20 medium would avoid excessive ammonia and phosphate pollution greatly, whilst keeping a high degradation rate. 
Conclusions
Biological treatment is a practical and relatively inexpensive method for the remediation caused by phenolic pollutants. The following conclusions were drawn based on the experimental study. Pseudomonas sp. XQ23 belongs to mesophilic and aerobic bacteria. Its optimum growth temperature is between 25 and 35 o C. Better oxygen supply would support better bacterial growth. XQ23 could grow well between pH 6 and 8. XQ23 degraded mixed phenols efficiently in MS medium diluted up to 20 times, illustrating the potential of bacterial remediation of phenolic pollutants without eutrophication caused by the addition of bacterial growth nutrients.
